We present a solvothermal synthetic route to produce monodispersed CuO nanoparticles (NPs) in the range of 5-10 nm that can be used as hole selective interfacial layer between indium tin oxide (ITO) and perovskite active layer for p-i-n perovskite solar cells by a spin casting the dispersions at room temperature. The bottom electrode interface modification provided by spherical CuO-NPs at room temperature promotes the formation of high quality perovskite photoactive layers with large crystal size and strong optical absorption. 
Introduction
Organic-inorganic lead halide perovskites have been identified as key materials for many of optoelectronic applications. [1] [2] Perovskite-based solar cells have demonstrated power conversion efficiencies (PCEs) above 20% [3] [4] within only few years of development. 5 Solid-state perovskite solar cells have been triggered by the pioneered work of H.-S. Kim et al. 6 Since then, perovskite solar cell device engineering has made substantial improvement towards facile, innovative concepts. Planar heterojunction (PHJ) perovskite-based solar cells being processed by cost-effective solution routes highlight the great merit for future commercialization. 7 Inverted p-i-n perovskite solar cells have recently attracted increased interest 8 due to low-cost and easy processing of the charge selective contacts that can be used in this device structure. Importantly within the p-i-n perovskite the utilization of high cost hole transporting layers like Spiro-MeOTAD as well as high temperature processed n-type materials like TiO2 at 500 o C can be avoided. In addition, the fullerene based interfacial layer processed on top of the perovskite as a n-type contact has been found to reduce the current-voltage (J-V) curve hysteresis which is generally observed in n-i-p structures when applying different scan directions. 9 In principle, the corresponding bandgap (Eg) of the photoactive material determines the upper limit of the achievable open-circuit voltage (Voc) in planar heterojunction (PHJ) perovskite solar cells. According to the Shockley-Queisser theory, 10 there are intrinsically thermodynamic constraints for materials that eventually result in a minimum voltage loss 4 of about 250-300 mV. Moreover, charge recombination within the photoactive material and energetic charge barriers in the stratified devices may also contribute to an additional voltage loss, further reducing the resultant Voc of the device. 11 Importantly, perovskite solar cells show the potential of achieving low voltage loss (< 0.5 V). 12 Therefore, it is critical to pursue material systems with minimal voltage loss for developing highperformance solar cell devices.
Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is a widelyused p-type material for optoelectronic applications 13 and the most commonly used hole selective contact in p-i-n perovskite solar cells. However, despite its excellent properties, CH3NH3PbI3. Furthermore, it is observed that the perovskite photoactive layers, which are formed on top of the PEDOT:PSS, exhibit relatively small grain sizes that significantly deteriorate the overall device performance.
In general, it is proved that the under-layers have a significant influence on the grain size of the perovskite photoactive layers which are formed on top. 16 Polymeric p-type materials, like poly[bis(4-phenyl) (2,4,6-trimethylphenyl)amine] (PTAA), have been reported as efficient hole selective contacts, leading to larger perovskite grain sizes compared with those formed on top of PEDOT:PSS. In addition, the higher work function of these materials results in enhanced bottom electrode selectivity and, thus, the formation 5 of perovskite solar cells with higher Voc. Nevertheless, the high cost of these materials due to their complicated synthetic procedure and high-purity requirement, immensely hampering the future commercialization of perovskite solar cells.
For further cost-effective application, low-cost, simply prepared and stable inorganic hole conductors have been identified as promising alternatives to the costly organic hole conductors and low performing PEDOT:PSS. Solution processed NiO, 17 CuNiOx, Typically, to form functional solution processed metal oxides as hole-transport layers (HTLs) for p-i-n perovskite solar cells, modified sol-gel methods are used. These methods usually require coating of a precursor metal salt solution and then a post-annealing treatment in order to achieve high quality, electrically active metal oxide thin films. 20 The high temperature processing steps involved in this process, however, are not compatible with the flexible perovskite solar technology targets. 21 A second approach for fabricating metal oxide based HTLs for p-i-n perovskite solar cells is the synthesis of high crystallinity and high purity nanoparticle (NP) dispersions. [22] [23] The dispersions are processed using plain solution processing followed by post deposition treatments to remove excess organic residuals and to promote film functionality. 24 It has been reported that this approach could provide more flexibility in processing by avoiding prolonged post deposition treatments. 25 For efficient planar perovskite solar cells application, the compactness of the inorganic nanoparticulate under layers is of high importance. 26 To achieve this, the synthesized NPs are crucial to have small size and narrow distribution of the particle sizes. 27 A typical 6 problem of the existing synthetic routes is that the as-prepared NPs are severely agglomerated, thus making it difficult to control the size and shape of the particles. In addition, in most of the cases these methods require the usage of toxic and expensive reagents or proceed at high temperature and through complex synthetic routes.
CuO is a low-cost material which has been used in various applications, such as catalysis, 28 water splitting photo catalysis [29] [30] and gas sensing. 31 CuO is a promising HTL for perovskite solar cells. 32 Recent studies demonstrate CuOx-based HTLs starting from metal salts precursor [33] [34] and Cu(acac)2 compound in o-DCB solution 35 . All the reported CuOx-HTLs require thermal-annealing steps combined in some cases with additional solvent washing steps to ensure HTL functionality.
In this study, we demonstrate a new strategy for fabricating nanoparticulate interfacial 
Results and Discussion
The CuO NPs were synthesized using a simple synthetic procedure at low temperature as described in details within the experimental section. The thermal decomposition of CuCl in DMSO was proven as an uncomplicated way to tune the particle size by simple changing To fabricate compact CuO NPs thin films stable dispersions in appropriate solvents are of high importance. All the CuO NPs produced at different temperatures were well 14 dispersed in DMSO without the use of any dispersive agents (Fig. S4) . Sulfoxides, such as DMSO, are proposed to serve as a ligand for binding to the CuO NP surface and thus play a crucial role in stabilizing CuO NPs and promoting the monodispersity of nanocrystals.
Characterization of the coordination properties of DMSO in these reactions, however, is complicated and insights thus far have been limited to computational studies. The asprepared CuO NPs with initial concentration of 20 mg/ml were further diluted down to 0.5 mg/ml for the fabrication of homogeneous layers with 15 nm thick. As shown in AFM image in Fig. S5 , compact thin films of CuO NPs can be fabricated by a simple spin coating of the dispersions without any post deposition treatment. However, it is observed that the NPs size has a great influence on the resulting thin films properties. In particular, compact ultrathin films necessary for good photovoltaic operation are not able to be produced by using CuO NPs synthesized at 120 o C (average particle size ~ 9nm). In addition, despite that compact thin films in the range of ~15 nm can be obtained from CuO NPs synthesized at 80 o C (average particle size ~ 5nm), we observe significantly lower PCEs for the corresponding devices (Fig. S6) . The CuO NPs prepared at 100 o C (average particle size ~ 6 nm) were found to lead to higher PCEs compared with the other CuO samples and are extensively analyzed in the rest of the letter.
As previously mentioned the electronic and surface properties of the bottom electrode are crucial for device operation and the formation of perovskite photoactive layers. Fig. 2 shows the, XPS/UPS studies, optical absorption spectra and surface wetting envelopes of ITO/CuO NPs (prepared at 100 o C) films. [36] [37] This is an experimental evidence that high quality CuO layers are formed on top of ITO without any annealing treatment. Another important requirement for the bottom electrode of perovskite solar cells is its surface wetting properties. Fig. 2b shows the surface free energy of the two bottom electrodes under study. Surface energy wetting envelopes are closed curves that are obtained when the polar fraction of a solid is plotted against the disperse part. 40 With the help of the wetting envelope and knowledge of the polar and disperse parts of the surface energy (SFE) of a solid it is possible to predict whether a liquid whose surface tension components lie within this enclosed area will wet the corresponding solid. As shown in grains size is observed (Fig. 3c) when fabricated on top of ITO/CuO NPs. In this case, an average grain size of ~500 nm is observed and the film maintains its compactness with a surface roughness Ra ~ 18 nm. The impressive increase of the perovskite grain size when fabricated on top of CuO NPs could be partially attributed to the increased hydrophobicity of CuO NPs compared with PEDOT:PSS (Fig. 2b) . Indeed, this observation is supported by the results obtained from optical absorbance measurements (Fig. 2a) . The increased absorbance of the perovskite photoactive layer on ITO/CuO NPs is a result of the increased perovskite grain size, which lead to an increased surface coverage and stronger absorption form the CH3NH3PbI3 crystals. values. It is worthy to mention that both p-i-n devices show negligible hysteresis between the two-different scan J-V directions (Fig. S7) . Importantly, the photovoltaic performance of CuO-based perovskite solar cell presented is stable under for more than 30 minutes 21 under continues 1 sun illumination (Fig. S8) NPs-based devices, respectively. Despite the similar shape in the EQE spectra for both devices under study before 530 nm, the EQE spectra of the PEDOT:PSS-based device exhibits a significantly sharper drop compared with the EQE spectra of the CuO NPs-based device in the range of 530-630 nm. This observation could be partially explained by the higher transmittance of the CuO NPs electrodes in this region (Fig. 2a) . (Fig.   4c ). Importantly the transmittance of CuO-NPs/CH3NH3PbI3 is higher compared with the transmittance PEDOT:PSS/CH3NH3PbI3 after 600 nm. The CuO-NPs based full layer stack 23 also show higher transmittance in the range after 600-800 nm compared with PEDOT:PSSbased layer stacks. It is likely the transmittance enhancement above 600 nm originates from CuO-NPs light scattering effects. We have recently shown that higher EQE is observed in the region of 550-760 nm when aluminum-doped zinc oxide nanoparticulate electron selective contacts are used within the n-part of the p-i-n perovskite PV structure, resulting in light scattering effects and increased back electrode reflectivity. 7 We propose that CuO nanoparticulate hole selective contacts further contribute to light scattering phenomena within the p-i-n perovskite PV structure. Thus, the higher EQE observed in the region of 550-800 nm for the perovskite solar cells incorporating CuO nanoparticulate hole selective contacts is attributed to additional scattered light from CuO NPs that result to increased reflective light of Al and, therefore, to improved absorption properties of the corresponding perovskite active layer.
Conclusions
We have demonstrated a novel solvothermal synthetic route for the development of room temperature solution processed nanoparticulate interfacial layers for highly efficient p-i-n perovskite solar cells. The CuO NPs and thin films are synthesized using thermal decomposition of CuCl diluted in DMSO at low temperatures and short reaction times. The 
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